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A structure is not, in fact, considered to be established until its 
configuration, at least, has been determined. Its conformational behavior 
may then be important to determine its spectroscopic or biological 
behavior. For these reasons we will emphasize in the new grant period 
development of stereochemical extensions to CONGEN, existing related 
programs and the proposed new programs GENOA and SASES, including machine 
representations and manipulations of configuration and conformation and 
constrained generators for both aspects of stereochemistry. 

None of the existing techniques for computer-assisted structure 
elucidation of unknown molecules, excepting very recent developments in our 
own laboratory, are capable of structure generation based on inferred 
partial structures which may overlap to any extent. Such a capability is a 
cri-tical element in a computer-based system, such as we propose, for 
automated inference of substructures and subsequent structure generation 
based on what is frequently highly redundant structural information 
including many overlapping part structures. Important elements of our 
research are concerned with further developments of such a capability for 
structure generation (the GENOA program). 

Given the above tools for structure representation and generation, we 
can consider new interpretive and predictive techniques for relating 
spectroscopic data (or other properties) to molecular structure. The 
capability for representation of stereochemistry is required for any 
comprehensive treatment of: 1) interpretation of spectroscopic data: 2) 
prediction of spectroscopic data; 3) induction of rules relating known 
molecular structures to observed chemical or biological properties. These 
elements, taken together, will yield a general system for computer-aided 
structural analysis (the SASES system) with potential for applications far 
beyond the specific task of structure elucidation. 

Parallel to our program development we have embarked on a concerted 
effort to extend to the scientific community access to our programs, and 
critical parts of our research effort are devoted to methods for promoting 
this resource sharing. Our rationale for this effort is that the 
techniques must be readily accessible in order to be used, and that 
development of useful programs can only be accomplished by an extended 
period of testing and refinement based on results obtained in an'alysis of a 
variety of structural problems, analyzed by those scientists actively 
involved in solutions to those problems. 

1.6. Medical Relevance and Collaboration -- 

The medical relevance of our research lies in the direct relationship 
between molecular structure and biological activity. The sciences of 
chemistry and biochemistry rest on a firm foundation of the past history of 
we1 l-characterized chemical structures. Indeed, structure elucidation of 
unknown compounds and the detailed investigation of stereochemical 
configurations and conformations of known compounds are absolutely 
essential steps in understanding the physiological role played by 
structures of demonstrated biological activity. Our research is focussed 
on providing computational assistance in several areas of structural 
chemistry and biochemistry, with primary attention directed to those 
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aspects of the problem which are most difficult to solve by strictly manual 
methods. These aspects include exhaustive and irredundant generation of 
constitutional isomers, and configurational and conformational 
stereoisomers under chemical, biological and spectroscopic constraints with 
a guarantee that no plausible stereoisomer has been overlooked. 

Although our programs can be applied to a variety of structural 
problems, in fact most applications by our group and by our collaborators 
are in the area of natural products, antibiotics, pheremones and other 
biomolecules which play important biochemical roles. In discussions of 
collaborative investigations involved with actual applications of our 
programs we have always stressed the importance of strong links between the 
structures under investigation and the importance of such structures to 
health-related research. This emphasis can be seen by examination of the 
affiliations of current DENDRAL-related investigators and the brief 
description of current collaborative efforts in Interactions with the 
SUMEX-AIM Resource. 

I.C. Hiqhliqhts of Research Proqress 

In this section we discuss briefly some major highlights of the past 
year and research currently in progress. 

I.C.1. Past Year 

lJ Exportable version of the CONGEN program for computer-assisted - ___ 
structure elucidation. CONGEN is an interactive computer program whose task 
is to provide to the structural biochemist all chemical structures which 
are possible candidates for the structure of an unknown chemical compound. 
Based on this in-formation, expe.riments can be designed to pinpoint the 
correct structure, thereby facilitating rapid and unambiguous 
identification of novel, bioactive chemicals. During the previous grant 
year we have completed an exportable version of the CONGEN program and have . 
begun to export it to a variety of structural analysis laboratories in 
academic, private and industrial research organizations. CDNGEN is being 
utilized at Stanford and at export sites in the hands of investigators who 
use it as a tool in solving their own structural problems. Even though we 
have been exporting versions of CONGEN for only six months, already the 
program has been used for new structures and recent results have formed the 
basis for at least four formal lectures by users of CONGEN at remote sites. 

2 Version I of the GENOA program for structure -- _____ generation with 
overlapping atoms. GENOA is an outgrowth of CONGEN whose purpose is to 
suggest candidate structures for an unknown based on redundant and 
ambiguous structural inferences. This program, which utilizes CONGEN as an 
integral part of the computational procedures, is far simpler to use by the 
practicing biochemist. This results from GENOA's capability to construct 
structures based on substructural information obtained from a variety of 
spectroscopic, chemical and biochemical techniques. The program itself 
considers the structural implications of each new piece of structural data 
and automatically ensures that all overlaps are considered, thereby freeing 
the investigator from concerns about the potential fo.r overlapping, or 
redundant substructural information. In addition, GENOA is the ideal tool 
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for interfacing to automated procedures for spectral interpretation, 
because the necessity for manual intervention in the assignment of 
substructures is no longer required as it was for CONGEN. 

3J Exhaustive and irredundant generation of stereoisomers. During the -- 
current grant period we have solved the problem of computer generation of 
configurational stereoisomers. These are isomeric chemical structures that 
differ from one another in the arrangement of atoms in three-dimensional 
space. Previously, CONGEN and GENOA were capable only of generation of 
constitutional isomers which convey no information about the structure in 
three dimensions. The interaction of biomolecules with biochemical systems 
is based on their three dimensional nature, not simply their constitution. 
Therefore, this new development is crucial to use of computational 
techniques in structural studies. It is interesting to note that this 
particular- problem remained unsolved, until the present work, since it was 
originally proposed by Van't Hoff more than 100 years ago. 

I.C.2. Research in Progress - 

lJ Programs for Interpretation and Prediction of Spectral Data We L 
are actively pursuing several novel approaches to the automated 
interpretation of spectral data, concentrating on carbon-13 magnetic 
resonance (CMR), proton magnetic resonance (PMR) and mass spectral (MS) 
data. These approaches utilize large data bases of correlations between 
substructural features of a molecule and spectral signatures of such 
features. Our approaches are unique in that: 1) we can incorporate 
stereochemical features of substructures into the data bases: and 2) we can 
use the same data bases for both interpretation and prediction of data. 

The stereochemical substructure descriptors are absolutely essential, 
especially in magnetic resonance data, for either interpretation or 
prediction. Resonance positions are a strong function of the local 
environment of a resonating atom, including position in space relative to 
other neighboring atoms. Descriptors which include the three dimensional 
relationships arnong atoms in a substructure are required in order to obtain 
meaningful correlations, 

The data bases can be used to interpret spectral data to obtain 
substructures to be used in CONGEN and GENOA, the structure generating 
programs. Automation of this aspect of structure elucidation could 
significantly ease the burden on the structural biochemist because the 
computer-based files are much more comprehensive and easier to use than 
correlation tables or diffuse literature sources. The same data bases can 
be used to predict spectral signatures in the context of a set of complete 
molecular structures. Comparison of predicted and observed spectra allows 
a rank-order%ing of candidates and will be very useful in directing the 
attention of the investigator to the most plausible alternatives. 

This effort marks the beginnings of the SASES system, a general, 
automated system for computational assistance in several phases of 
structure elucidation. 
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21 Constrained Generation of Configurational Stereoisomers. We have -- 
just completed an experimental version of a program, designed to be used 
with the structure generation programs CONGEN and GENOA, capable of 
constrained generation of stereoisorners. 
time, 

This means that, for the first 
a computer program can be used to begin with the molecular formula of 

an unknown compound and using constraints on both molecular connectivity 
and configuration arrive at a set of structural alternatives which include 
potential stereochemical variability. This capability allows use of 
spectral data whose interpretation (see Ilighlight 1) depends strongly on 
stereochemical features o-f molecules. Most importantly, it gives us a 
structural representation and methods for structure generation and 
manipulation which represent the foundat-ions for future developments OP the 
one important remaining aspect of structural analysis, treatment of 
molecular conformations. 
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I.E. Funding Support 

I.E.l. Title 

RESOURCE RELATED RESEARCH: COMPUTERS IN CHEMISTRY (grant) 

I.E.2. Principal Investigator 

Carl Djerassi, Professor of Chemistry, Department of Chemistry, 
Stanford University 

Dennis H. Smith (Associate Investigator), Senior Research Associate, 
Department of Chemistry, Stanford University 

I.E.3. Funding Agency 

Biotechnology Resources Program, Division of Research Resources, 
National Institutes of Health 

I.E.4. Grant Identification Number 

RR-00612-11 

I.E.5. Total Award and Period 

Total - 5/l/80 - 4/30/83 --------- $641,419 

I.E.6. Current Award and Period ~- 

Current - 5/l/80 - 4/30/81 -------- $221,255 

II. Interactions with the SUMEX-AIM Resource - - 

In the coming period of our research, our computational approaches to 
structural biochemistry will become much more general and we plan wide 
dissemination of the programs resulting from our work. These more general 
approaches to aids for the structural biochemist will yield computer 
programs with much wider applicability than, for example, the existing 
CONGEN program. We expect that this will create a significant increase in 
requests for access to our programs, placing heavy emphasis on our 
relationship with SUMEX to provide this access (see Justification and 
Requirements for Continued SUMEX Use for additional details). 

For these reasons, in our new grant period we have identified the 
SUMEX-AIM resource as the resource to which our research is related. The 
SUMEX-AIM resource has provided the computational basis for our past 
program developments and for initial exposure of the scientific community 
to these programs. The resource is, however, funded completely separately 
from our own research; we are only one of a nationwide community of users 
of the SUMEX-AIM facility. In a sense, then, relating our new research to 
SUMEX formalizes a relationship which already exists. However, such a 
formalization seems much more relevant now than in the past because of our 
broader emphasis on software tools and new capabilities for sharing the 
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results of our research. The relationship is one which goes far beyond 
mere consumption of cycles on the SUMEX machine. It has been the goal of 
the SUMEX project to provide a computational resource for research in 
symbolic computational procedures applied to health-related problems. As 
such research matures, it produces results, among which are computer 
programs, of potential utility to a broad community of scientists. A 
second goal of SUMEX has been to promote dissemination of useful results to 
that community, in part by providing network access to programs running on 
the SUFIEX-AIH facility during their development phases. SUIJEX does not, 
however, have the capacity to support extensive operational use of such 
programs. It was expected from the beginning that user projects would 
develop alternative computing resources as operational demands for their 
programs grew. Such a state has been reached for the CO?lGCN program and 
future developments in the DEPIDRAL Project to yield more generally useful 
programs will simply magnify the problem, 

We will, therefore, under the net:! relationship between SUMEX-AIM and 
our project, participate as before in the SUMEX-AIM community in sharing 
methods and results with o-tiler groups during development of new programs. 
In addition, we plan to ut-ilize the small machines requested as part of the 
SUMEX renewal. Our project will benefit by being able to provide more 
extensive operational access to our existing and developing programs using 
these machines, and to provide a test environment For adapting our programs 
to a more realistic laboratory computing environment than the special- 
purpose SIJMEX resource (see Justif ication and Requirements for Continued 
SUMEX Use for additional information). SUMEX will benefit by moving a 
substantial part of the DENDRRL production load to more cost-effective 
systems, thereby freeing the SUMEX resource for new program development. 
Collaborators who wish to use existing programs for specific problems would 
access SUMEX via the network as before, but now would be routed to new 
ma c h i n e s . N  elv: program developments will be carried out on SUMEX itself, 
taking advantage of the much more extensive repertoire of peripheral 
devices, languages, debugging tools and text editors, i.e., precisely the 
tasks for which that system was designed. 

Our proposed relationship to SUMEX-AIM has important implications 
beyond the practical considerations mentioned above. There is a 
significant research component to our proposal to make small machines as 
integral part of the resource sharing aspects of our relationship to SUFlEX. 
The DEMDRAL project is one of the first of the SUMEX-AIM projects to have 
developed sufficient maturity to require additional computer facilities to 
support production use and to facilitate export of its programs to be * 
applied to real-world, biomedical structural problems. In a sense, then, 
we will be acting in a pathfinding role for the rest of the SUr4EX-AIM 
community as other projects reach maturity and seek realistic mechanisms 
for dissemination of their software to meet the computational needs of 
their collaborators. Cooperating with SUMEX in the use of small machines, 
imp1 ementing new soft!vare , regulating access to divert development and 
applications to the appropriate machine are all experiments which we are 
willing to undertake together with SUMEX, knowing that we will be providing . 
direction to future e.fforts along similar lines. We will also be in a 
pathfinding role for a large segment of the biochemical community involved 
in computing, as we explore the utility of machines which will be much more 
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widely available in Department and laboratory environments than DEC-10's 
and -20's. There are currently very few widely available computing 
resources which provide access to symbolic, problem solving programs 
operating in an interactive environment. We would be able to fulfill that 
need to the extent that applications have direct biomedical relevance, to 
the limits of our share of the SUMEX-AIM computing resource. 

I1.n. Scientific Collaboration and Frovam Dissemina-tion .-. -___ _-___--.--..- ---~-- -_ _~_. . 

II.A.l. Scientific Collaborations _.---- 

Several of our research goals involve problems in structural analysis 
whose solution is of interest to other research groups with specific, 
health-related problems in structural biochemistry. The following is a 
brief description of collaborative efforts that have been taking place or 
will soon commence in the use of' DENDRAL programs for various aspects of 
structural analysis. 

1. Dr. David Cowburn, The Rockefeller University, A very likely 
application for CO:IGEN enhanced with a conformation generator 1!101~lrl be to 
the field of conformational analysis. This is the problem of determining 
the conformation of a structure with known constitution and configuration 
and is a general problem in describing the structures of molecules. T h e 
description of the conformation(s) of molecules cf biological origin or of 
those possessing biological activity is of considerable importance in 
establishing rr:oI’e clearly the relationship of structure to function in the 
actions of druys,hormones, and neurotransmitters on their natural 
receptors, the riiectlanism of enzyme action, and the rational design of new 
drugs. We will develop this application in collaboration with Professor 
David Cowburn and ti~is coworkers at the Rockefeller University in New York. 
Professor Cowburn is actively engaged in determining peptide conPormations 
using princ-ipally nuclear magnetic resonance studies of specifically 
designed and synthesized isotopic isomers of .peptide hormones. These 
studies use the stable isotopes - deuterium, carbon-13, and nitrogen-15 
[91]. Dr. C  O\J b u r n now h as an account at SU14 E X an d :'I o II 1 cl u se t h e p 1.0 g ram 
remotely, at least at first. It is hoped that an effective collaboration 
can be developed in wliich Dr. Cowburn will investigate techniques for 
effectively rejecting chemically unreasonable conformations as they are 
generated. Those strategies that may be generally useful will then be 
adapted for CONGEN and incorporated. These techniques will be related 
either, to general considerations(e.g. insufficient degrees of freedom for 
cyclizaLion of a particular ring system, from a partially generated 
conformational state) or to the specific molecules being examined (e.g. 
restrictions stemming from experimental data such as nmr vicinal coupling 
constants ). Some research using small programs outside CONGEII  v/ould be 
expected to be useful in investjqating this area. CO~lGF!I equipped with a 
conformation generator, would likely be useful to Prof. Cowburn's research 
in at least three ways: 

a) The program would be able to generate all the possible 
conformations for a given problem with input constraints based on NBlR 
couplings. Such a generation is a difficult task for,e.g, compounds 
containing large rings. The value of COI\IGEN would be to provide 
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assurance of exhaustion and to explici tly cons truct all .the 
possibilities. 

b) The program would be able to generate all possible iso-topic 
isomers for a given constitution and configuration. if a pruning 
technique was available, then the generated list would be extremely 
useful to Dr. Cowburn in considering the strategies of synthesis and 
nmr experimentation. The avoidance of particularly costly or time 
consuming steps is of considerable importance in that experimental 
w  o r k . 

cl In conjunction with the spectral interpretation and planning 
modules proposed, CONGEN may be able to generate strategies for 
pa-tterns of enrichment or for nmr experiments which are optim(~ni for 
conformaLiona1 determination. Some additional programming would 
probably be necessary to accomplish this. 

2. Dr. Gilda Loew, Stanford Research Institute and The Rockefeller 
University. Since our conformation generator will output structures with 
internal (torsional angle) coordinates, it is possible to obtain further 
information about these structures by doing quantum machanical energy 
cnlculations. By developing a link to these methods, the usefulness 0.f 
COF!GEN should be considerably increased. Since a great deal of work has 
been done by others on such methods it is not necessary for our group to 
develop programs of this kind. Instead we will develop this link by 
collaborating with Prof. Gilda Loew and her group. Professor Loew's work 
has involved the use of semi-empirical quantum mechanical energy 
calculations to derive structure-activity for a variety of drug types. T h e 
fjrst step in such a collaboration would be to construct the interface 
necessary .to link the CONGEPI output structures with the input for the PCILO 
(Perturbation Configuration Interaction using Localized Orbitals) program. 
This program requires as input, structures with internal coordinates. This 
will be the form of the output from the proposed conformation generator 
with an assumption of bond lengths and angles. 

Once this link has been made then we see at least two areas where 
CONGEN m~ight be helpful to Professor Loew's ongoing research. 

a) It will be possible to generate systematically variants of a 
structure vjith respect to its constitution, configuration, and 
conformat-ion. Each such structure would then be given to PCILO for an 
energy calculation, the results of which are used to help explain 
potency variations [92]. The advantage of using CONGEN in this way is 
that 2.11 exhaustive generation can be guaranteed which assures no 
possibilities are overlooked. 

b) Professor Loew has been considering the conformational 
variations caused by the intercalation of ethidium into nucleic acids. 
The observed stabil-ity of such intercalated structures has been related 
to conformational changes in parts of the LlflA structure, in particular, 
the sugar moieties. The application of CONGEN to such a study would 
again be a systematic variation of possibilities with particular 
emphasis on the more dif.ficult cyclic structures. 
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3. Drs. Larry Anderson and Elliott Organick, Depts. OF Fuels 
Engineei>ing and Computer Science, University of Utah. Dr. Anderson's 
research is in establishing the strticture of coal and related polymers v 1 a 
var,ious thermal and chemical degradation schemes. The degradation products 
are of interest to both energy and environmental studies. Professor 
Organick is responsible in part for the computer and graphics facility on 
which COIIGfN and related programs can be run. We are exploring !-iIth them 
structure representations bczscd on the Superatom concept in COliGr;I c.s a 
I-I! e I1 s of repro sonting fE;.lcil ies of structure:::;. i?CCt>SS t0 Our pl~UCj: '&3S is 
primarily via the COmpuier faci I -ity at Utail. 

4. Dr. Raymond Carhart, Lederle Laboratories. Dr. Carhart (a former 
member of our group) is engaged in research concerned with computer 
applications to structure/activity relationships. Program development is 
done jointly between Lederlc and Stanford with free exchange of soFtware. 
Lederle applications are carried out on their own computer facility. 

5. Dr. Janet Finer-Moore, University of Georgia. Dr. Finer-FOlocre is 
engaged in structure analysis of alkaloids in Dr. Peletier's group at 
Georgia. This research makes extensive use of 13C NYR. Our collaboration 
involves the development and application of our 13C interpretive and 
predictive programs in structure elucida-tion of II 'JW compounds based on an 
extens'ive set of 13C data available on closely related compounds. Access 
is v-ia network to our prograrns at StenPortl. Recent use of our programs has 
aided her in correcting erroneous assignments of 13C resonance shiFts to 
known structure and aided in the solu.tion of the structures of new 
diterpenoid alkaloids. 

6. Dr. Brenda Kimble, University of California, Davis. Dr. Kimble's 
research is in structural analysis of cor~ipour~ds which are present in trace 
arnoun ts in environmental rnil -ieus and v:iiich show mutagenic activity. M  a n y 
of these compounds are largely aromatic. Vie are developing the 
capabilities of our programs to deal efficiently riith large, polynuclear 
aromatic compounds. Access to our programs is via network to Stanford. 

7. Dr. Fred McLafferty, Cornell University. Dr. McLafferty's 
research is involved with instrumental and analytical aspects of mass 
spectrometry. We are work i ng w i th h im on the development and application 
of an interface between his STIRS system and CONGEN/GENOA for structure 
detcrri-ination based on mass spectral data. Part of this collaboration is 
development of 1!3M versions of some of our programs. Access is in part to 
Stanford, shifting primarily to Cornell as development proceeds. 

II.A.2. - Dissemination Program -- 

Because one of our goals -is dissemination of our programs to a wide 
commuiiity of collaborators , we have made use of several of the mechanisms 
provided by SUMEX-AIf.1 to introduce new investigators to our work and to 
encourage close collaboration -in the study of important structural 
p rob.1 ems . General-ly speaking, introduction of new persons and the 
development of collaborative projects has followed the course outlined 
h e 1 o w : 
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1) GUEST Access. The GUEST account mechanism of SUMEX-AIF! is 
normally used when persons from the outside community contact us to learn 
more about our programs. We provide to them a special packet of 
information on network access and connection to the GUES-T account, together 
with documentation of specific programs in which they are interested. This 
is a simple way of performing a "try it and see" experiment to deterr!iine 
the utility of the programs to the individual investigator. The follo:lling 
persons have used this method of access the past year: 

D I‘ . Robert Adamski - Alcon Labs 

Dr. A. Bothner-by - Carnegie Mellon University 

Dr. Reimar Bruening - Institut fur Pharmazeutische 
Arzneimittellehre der Universitaet, West Germany 

D r . Wi 1 1 i am B rug g e r - International Flavors and Fragrances 

Dr. Raymond Carhart - Lederle Laboratories 

Dr. Robert Carter - University of Lund, Sweden 

Dr. Francois Chaplin - Institut Le Bel, France 

Dr. Jon Clardy - Cornell University 

Dr. Mike Crocco - American Hoechst Corp. 

Dr. V. Delaroff - Roussel UCLAF, France 

Dr. Dan Dolata - University of California at Santa Cruz 

Dr. Bruno Frei - Laboratorium f. Organische Chemie, Switzerland 

Dr. Y. Gopichand - University of Oklahoma 

MS . Wendy Harrison - University of tiawaii at Manoa 

Dr. Richard Hogue - University of California at Santa Cruz 

Dr. David Lynn - Columbia University 

Dr. In Ki Nun - Cornell University 

Dr. Koji Nakanishi - Columbia University 

Dr , Suba Fieir - Washington University, St. Louis 

Dr. J.D. Roberts - California Institute of Technology 

Dr. Joseph SanFil ippo - Rutgers University 

Dr. Babu Venkataraghavan - Lederle Laboratories 
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Dr. W.T. Wipke - University of California at Santa Cruz 

Dr. Michael Zippel -. Institut fur Biochemie Zentrale 
Arbeitsgruppe Spectroskopie, Germany 

2) EXODENDRAL Accounts. SUMEX-AIM has set aside a special accoun!: 
group called EXODENDRAL designed to give each collaboral;or, whose -i;l-iti?J 
GUEST exijerience has prov:?n fru il.ful , 20 account 0' i:-is Or her own. T b -; '; ; 

accounts facilita%e 50 ttl Z iCCeSS to c? var i e ty Of 0u i‘ EXp(? r i ill311 tal p 1’0; i‘?::lS 

(not generally available through GUEST) and communication using the various 
message and bulletin board programs. For persons who use exportable 
versions of our programs on their own computer facilities, EXOOENDRAL 
accounts are used primarily for rapid contact and exchange of messages. 

Dr. Jean-Clai:c!e Braekman .- Universite Libre de Bruxelles, 
Belgium 

Dr. Hartmut Braun - Organische-Cherrl isches Inst-itut der 
Universitaet Zurich, Switzerland 

Dr. Roy Carrington - Shell Biosciences Laboratory, England 

D r . David Cowburn - The Rockefeller University 

Dr. Douglas Dorman - Lilly Research Laboratories 

Dr. Andre Dreid~ing - Organische-Chemisches Institut der 
Universitaet Zurich, Switzerland 

Dr. Janet Finer-Moor2 - University of Georgia 

Dr. Kenneth Gash - California State College at Dominguez tlills 

Dr. Steven Heller - Environmental Protection Agency 

Dr. Martin Huber - Ciba-Geigy, Switzerland 

Dr. Peter W. 14-ilne - CSIRO Division of Computing Research, 
Australia 

Dr. James Shoolery - Varian Associates 

Dr. Will iam Sieber - Sandoz Ltd., Switzerland 

Dr. Mark Wood - Rutgers University 

3) Program Export. SUMEX-AIM is also the facility which is used to 
develop and perform experiments with exportable versions of our programs. 
Wherever. possible we encourage collaborators to run our programs on their 
own computers to decrease the computational burden on SUMEX-AIM as much as 
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possible. This year we have distributed CONGEFI to a number of laboratories 
owning computers on which the exportable version can now execute. These 
currently include DEC PDP-10 and -20 systems operating under the TENEX, 
TOPS-10 and TOPS-20 operating systems, and more recently, the beginnings of 
a version -for IBM systems. The following persons ari: cUri~62ntly running 
COiIIGEN on tlieir own laboratory computers: 

Dr. Larry Anderson - Uiiiv2rs ity of Utah 

Dr. Hartmut Braun - Oryanische-Chemisches Institut der 
Universitaet Zurich, S\witzerland 

Dr. Raymond Carhart - Lcderle Laboratories 

Dr. Roy Carrington - Shell Biosciences Laboratory, Engliind 

Dr. Robert Carter - University of Lund, Sweden 

D r . Daniel Chodosh - Smith, Kline & French Laboratcries 

Dr. Douglas Dorman - Lilly Research Labs 

Dr. Martin tluber - Ciba-Geigy, Switzerland 

Dr. Carroll Johnson - Oak Ridge National Laboratory 

Dr. G. Jones - ICI Pharmaceuticals, England 

Dr. Peter b!. ;vlilne - CSIRO Divis-ion of Computing Research, 
Australia 

Dr. James Morrison - Latrobe University, Australia 

Dr. Fred W. P1cLaffert.y - Cornell University 

Dr. David Pensak - E.I. duPont de Flemours and Company 

Dr. Gretchen Schwenzer - Monsanto Agricultural Products Co. 

Dr. Wll iam Sieber - Sandoz, Ltd., Switzerland 

Dr. M.D. Swtherland - University of Queensland, Australia 

Dr. R.O. Watts - Australian National University 

4) Industrial Affiliates Program. The high level of interest sho;in 
by industrial research laboratories in our programs has always presented LIS 

with delicate questions about access to SUMEX-AIil l . In the past we lhave 
granted access for trials of our programs under the conditions that access 
is necessarily limited and tha-t the recording mechanisms of our programs be 

used to ensure that all such trial use be in the public domain. As of 
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April, 1980, we have begun solicitation of interested industrial 
organizations to participate in a DENURAL Project Industrial Affiliates 
f'rog ram. We intend to use this program as a means by w!lich we can offer 
colla!)orations with our on-going research tc industrial organizations 
separale from SUMEX-AIM. Al though ESOi!ENi);!A!. accoun ts to such 
organ izat ions rilay be us91 to fat il itete ~Clill i l\Jil i~~~tion and sharing of ne!v 
programs and co;;cepts of interest u/i th th9 community as a whole, al1 
Significant and certainly all propl9etar'y use of our propl';iiiis wi 1; ijo 
c a r r i r? d o u t 0 n t I? t? i r o:'i n Camp II t 21 t i 0 n a 1 r 2 C -i 1 -i t -i e S . AS Ct the? !vl~it ;;i3 of 
th i s portion o f the SLII,IEX-AIt,1 re neival p ropes al we h;i.vn no t had any 
ol~ganirations formally take up membership. 

II R  '2 Interactions with Other SiUilEX-AI!,1 Projects 

We routinely collaborate with other projects on SKMEX most closely 
related to our O!‘/II research, In par1,ic~11ar, these collaborations have 
taken place l:/itll the CRYSALIS project, MOLGEP!,  SE CS a 11 d h a v e be (; u 11 1'; i t h I) I. . 
Carroll Johnson et Oak Ridge. 

CRYSALIS is concerned with new approaches to the interpretation of X- 
ray crystallo(!raphic data, X-ray CryStallOgl-a[Jhy is allOther c?pproach to 

molecular structure elucidation. 0 I1 e of our long-term interests is 
exploring ways in which CONGEN or GENOA generated struciures might be cased 

to guide t.he search of electron density maps. lie are al so cor:imunicatiny 
VI i t h Prof. Jon Clardy at Cornell on this problem. It is hoped that having 
n a I- I‘ 0 1.u e d d 0 it: 11 t Ii p I - st.ruc.tural possibilities for a II u II k 11 own LI s i II g p h y s i c a 1 
and chemical data, the few remaining candidates can be used to guide 
interpretation of such maps. 

Most of the structural problems investigated by i , !OLGEN involve IXLICI~ 

larger illolecules than the size normally investig a-ted in DEFiDRAL research. 
Thus, structural representations invclving higher levels OF abstraction are 
of utility in b!OLGEN, making our structure manipulation tasks quite 
different. However, many of the ways in which ?,iOLGEil m~nipulntes ?ts 
structural representations drew on past experience in LiEPlDRAL in develop ing 
a.lgor-ithiris to perform these manipul at.ions. 

We collaborate frequently with the SECS projec-t in a number of :,~ays. 
Although our research efforts are in one sense directed toward opposite 
e 11 d s 0 f work on chemical structures, SECS being devoted -to synthesis, 
DENDRAL being devoted to analysis, the underlying problems of structural 
manipulation share many co~nmor~ aspec.ts. We have exch,-.nged softwa1.e l::here 
possible, particularly in the area o-f chemical structure display. !,i e h a ‘J 2 

held several discuss-ions in joint group meetings and at several syln?osia 

including the AI:*1 Uorkshops on common problems, i ii c 1 LI d i ii g s II b s t r 11 c t LI i-e 

se a i-c Ii i 11 g , canonic:ll representatioils and representation and rr~anipulatioii of 
stereochemistry. P~I‘SOI~S visiting one laboratory often take the 
opportunity to visit the other. for example, recen-t visitors to both 
laboratories have included ProP. Andre Dreiding, Zurich, Dr. Martin tiriber, 
Base1 , and Prof. Robert Car-ter, I-und. 

Dr. Carroll Johnson has collaborated on the CRYSALIS project in the 
o f k II o \‘I 1 e d c e - b a s 2 d 3 past. More recently he has taken an interest in the use 
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programs for certain problems in spectral data interpretation. For this 
reason he is explor+ng the AGE and ErJYCIFl systems as frameworks for his 
program structure, and is involved in discuss ions with DEiJDRAL to see where 
common areas of data interpretation can be identified so that he can draw 
on our experience arid programs. This effort is just beg-inning at this 
Virne; we plan to meet early -iii Xay at Stanford to continue discuss-ions. 

II c ;I Critl&:e of Resource FAanagemf:nt _-- -- -- --.- .-- 

The SUMEX-AIM environment, including hard!vare, system software and 
staff, has proven absolutely ideal for the development and dissemination of 
LIENDRA- 1) ros rams . Tile virtual memory operating system has greatly 
f a c i 1 i t ii 1 c IJ de v c 1 opi‘l:rl t of large programs. T h e em p h a s .i s o n t i me - s h a I‘ i II g 

and i II te I-act i ve p 1‘03 I-ams has been essential to us in our development, of 
interact ive procjrams. Our- experience with other computer facilities has 
only emphasiiecl thi, iizportance of’ tile SUI4EX envir‘on~~ient for real-v;or-1d 
applications of our programs. To run COFIGEN, for example, in c: batch 
COlll; j l l  t i rig env i I-Oilmen t would make no sense whatever because th? program (and 
our other, related programs) is successful in large part because an 
investigator can closely monitor and control the program as it works toward 
solution. We have no cornplaints whatsoever about the computing 
en v i 1.0 nme n t . 

Me do have, however, significant problems with SUelEX-AIF, capacity, 
both in available computer cycles and oii-line file storage. In a sense 
GENDRAL suffers from its success. The rapid progress rnade during .the last 
grant period and now continuing into the next period has led to development 
of many new programs as adjuncts to CONGElJ and GEFIOA and at the sa:ile time 
Ii as inspired many persons in the scientific community to request some form 
of access to our programs. The net result is that it is often very 
cii Pficult to carry on at the same time development and collaborations 
involving applications of our programs to structural problems due to high 
load average on the system. 

The current overcrowding we see on SLJMEX creates two major probleins 
for us in the coriduct of our research. First, it diminishes productivity 
as many people compete for the resource; the "time-sharing syridrome" leads 
to idle, wasted time at the terminal waiting for trivial computations to be 
completed. Second, the slow response time of the system is an aggravation 
to an outside investigator who is anxiously trying to solve a structural 
problem. At some point even the most interested persons ivill give up, 102 
off the computer and resort .to manual methods where possible. 

We have .taken many steps within our project to try to work around 
heavy use periods on .SUFIEX. Our group works a staggered schedule, both in 
terms of the actual hours worked each day and in terms OF what days eactl 
week are worked. This results in some problems in intra-group 
communication , but fortunately the message and other communication systems 

situation. We try to run all demonstrations 
the burden on the dual KI-10 system. We 

of SUMEX help alleviate that 
on the DEC-2020 to help ease 
encourage our collaborators 
possible. 

to avoid prime- t ime use of the system when 
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For these reasons, we strongly support the proposed augmentation of 
the SUYEX-AIV hardware . Any part of our computations which can be shifted 
to another machine will not only facilitate export of our software t)ut I:iill 
ease the load oli I;he DEC-16s and m?.:i:e it easier to continue our l '2Seai'i:i:. 

1: G  1; h i'i i 1 I s e I-V e i 0 iii ;;k 6 S Ublf X in0 I‘ e r-e s p 0 ii s i v e and our productivi Ly ti i$; ilili'. 

11T.A. Proj~(;i; C:<;al~ FI:IC~ Flar:s .-.-. --..-.~. 

C  u r r e I-I t r 9 s e a I‘ c: :I e i f 0 I- t s vie r e described in highlight form in the 
first sect-ion SLIWX~I-y of 17esearch Program. In this section we discuss in 
oat li ne form .thc ncljoi‘ goals of cu I- current grant period (5/:/00 - 
4/33/83). 

1) Dovelcp SASES (Semi-butomated Structure Elucidation System) as - .-. 
a general $ v s t e in f 0 I‘ C  om p 11 11 c 1. aided stTuctura1 analysis. utilizing 
stereochemi~al structural representations as the fundamental Sti' i lCtli~a! 

description. SASES will represent a cornputsr*-based !'laborat.ory" for 
tletailzd exploration of structural questions on t!le computer. I-t I'/ i 1 1 
tlave as key coiilpon2n ts tiie t'ol lowing : 

A 1 Capabilities for interpr etation of spectral data which, 
tog?iller with inferences from chF:mical or other data, would be 
used for determinai;icn of (possibly overlapping) substructures; 

8) The GENOA (structure Generation with Overlapping fitoms) 
program whicil wi I1 have the capability of exhaustive generation 
of (topological and stereochemical) structural candidates and 
include as an essential coii\ponent the existing CO?IGEb! prograip; 

ci CapabiSities for pred-iction of spectral (and 
b'ological) properties to rank-order candidates o[l the basis of 
agreement between predicted and observed properties. 

2) Develop the GEY3A program and integrate it with CO?lGEbl. GENOA 
wil 1 represent the heart of SASES for exploration of structures of 
unknovin compounds, cr configurations or conformations of known 
compoilnds. GENOA v/ill be a completely general method for construction 
0.f s t [ 'LIC tu I‘cl 1 candidates for an unknown bas;ld on redundant, overlapp<ng 
sabstructursl infor-mai.ion, and it will include capabilities for 
generat ion of topo logical and stereochemical isomers. 

3) Develop autolrlaled approaches to both interpretation and 
predicliolr of spectroscopic dala, including but not limited to th; 
F 0 1 1 O:'! i n r .I spectroscopic techniques: 

A) carbon-13 magnetic resonance (13CNR); 

B) proton magnetic resonance (1tKiR); 

c> infrared spectroscopy (JR); 
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D) mass spectrometry (MS) 

DENURAL Project 

E) chiroptical methods including circular dichroism (CD), 
magnetic circular dichroism (MCD). 

The interpretive procedures sill yield substructural information, 
including stereochemical features, which can be used to construct 
structural candidates using GENO.4. The pre:!ictive procedur,es will be 
des-igned to provide approximate bill; rapid predictions of expected 
spectroscopic behavior of large numbers of structural candidates, 
includin; various confor:i:erc of particular structures. Such procedures 
can be use ;f to ran %  - o I- dt! I‘ candidates and/or conformers. The predictive 
procedure'-s ivill also hc designed to provid? more detailed predictions 
of strircLure/pr,operty relationships for known or candidate structures 
in spec ific biological applications. 

4) Develop a constrained generator of stereoisomers, including: 

A) design and implement a complete and irredundant 
generator of possible conformations for a given known, or a 
candidate for an unknown, structure; 

B) provide constraints for the conformation generator so 
that proposed structures for a known or unknown compotind 
possess only those Features allowed by: i) intrinsic structural 
features such as ring closure and dynamics of th? chemical 
structure; and ii) data sensit-ive to molecular conformations 
(e.g., MC 0 , NM R ) ; 

Cl integra-te the stereochemical developments with the 
GENOA program as a f-inal, comprehensive solution to the 
structure generation problem and allow for interface of the 
program with other methods dependent on atomic coordinates. 

5) Promote applications of these new techniques to structural 
problems of a community of collaborators, including improved methods 
for structure elucidation and potential new biomedical applications, 
through resource sharing involving the following methods of access to 
our facilities and personnel; 

A) nationwide computer network access, via the SUYEX-AI:4 
computer resource: 

B) exportable versions of programs to specific sites and 
via i;he National Resource for Computation in Cherrlistry and the 
NIH/EPA Chemical Information System; 

C) workshops at Stanford to provide collaborators with 
access to existing and new developments -in computer-assisted 
structure elucidation in an environment !Yhere complex questio:,s 
of utility and application can be answered directly by our oI>/n 
scicntifjc staff; 
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n) jnterface to a commercia?ly available graphics terminal 
for structural input and output, at as low a cost as possible, 
so that chemists can draw or visualize structures more siri:~~iy 
anti intuitively than with our current, teletype-oriented 
interfaces. 

III B Jllstification and Requirements for Continued SUiYlEX use --A-L -- -.. 

I I-I p rev i 0 u s sections WC discussstd the relationship i;et*:jeen the 
D E N fl RA L !I r 0 j c c t 2 n ti SUZ~l!' X - A I i-j , 3 e t i: o if s F‘ o :‘ u :; i n g S UY E X - A I I'1 f 0 I‘ 
disserninatioll of our programs to a broad co~::m~ni iy of structural chnmists 
and biochemists ancl a critique of resource management. In this section we 
wish to emptiasize certain factors which were not discussed earlier and to 
show how our future directions and interests are closely related to the 
proposed cant inu3tiOil anti acrgmentat-ion of the SiJblEX-AIM resource. 

As r,esoLlr.ce-relai.eti research, DENDRI"lL is intinlately tied to the SZMi:% 
resource. Our involvement wit11 SUt?EX ~gces Par- beyond simple 11se of the 

facility. We use SUfflEX 2s the focal point for a number of collebor?tiva 
efforts, for export of our soft,:~are and for .the coinmunicrition fc;cil ; t,ies 
essential to maintaining close contact wi th remote research groups :;orkir;g 
w i t h u s . We have already discussed in our critique t h e d -i f f -i c u 1 t i E s !%I e 
have, in vieai of heavy SUMEX ioad, of maintaining both our research effort 
and the resource-shar*ing aspects of our project. 

In view of these factors and because SUFlEX is our soie soi:rce of -__. - 
computational facilities, we took certain steps --- -__ ~ in our renewal proposal to 
attempt to alleviate our situatjo?. Specifically, we requested a co!r!;:i!!:f::~ 
for our o!vn projec-t, a DEC VAX 11/730, to be linked to SLJMCX viz ETtiER?:ET. 
This cor;lpvter *?/as meant to help offload some of the computational burden 
I) E NO Ri; L p .I ace s 0 n SU ME X , to provide a facility for production use of our 
pr'ogri?nis by our collaborators and to represent a r;lodel for the typ? of lo::i- 
cost, scientific computer available in the future to many investigators who 
could t!ien run our prey ram ir: thei I‘ o'wn laboratories. 

Our request for the VAX was turned down with specific comments made 
tha.t SUMEX facilities should be used to support development of new programs 
and to the extent possible, encourage preliriinary production use of our 
program by outs-de persons. In our op-inion-.this view is some,.vha.t 
shortsighted, because SUMEX is currently tiverloaded to the extent that even 
development is impeded. In addition, our current situation leaves no room 
for the computational burden created by sorile of our collaborators :,!ho ne?d 
ccnsidei-ab!y I;iore than "preii:ni!)ary" access beceusz they have no access to 
a computer suitable for ru 11 n i n g 0 LI r p r o g rams . 

For this reason, we s1.rongly support the effort of SUMEX to acquire a 
VAX and olher smal-I machines in future years, for all the reasons mentioned 
a b o v e . Although we realize that synch ma c h i n e s w i 7 1 h av e to b e s h n red P,?:N o n ,; 
the SU?4EX-Albl community as a whole, the azgmenta.tion of the resource !goLild 
go a significant way to meeting t h e c 0~ !I II t a t i 0 n a 1 r 3 q u i relile ii t s 0 f 0 LI r 

project and provide a variety of systems of potentia? use for future export 
OF our programs. 
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1II.C. Needs and Plans for Other Computincl Resources -- -- ___ __- --- 

For several years now we have directed some attention toward 
alternative computing resources which could be used to support all 
"production" use of our programs, i.e., all applications clesign?d to use 
the programs to solve real problems. Although this would have the severe 
disadvantage of separating our‘ research effort from many of the 
applications, it has been our‘ hope that emerging technology in netv:ork ii;ii 
ivould enable US to keep in re as o n ab 1 y cl o s e co II I; 2 c t w  i t h a no l-11 e I- r-e so :I I-C :-: . 

Two resources have e rnerrjec! 2s Candidates for syste iaS !~hc?re o IJI' pr‘ocj i'af~is ca? 

be accessed and used in proi,leril-solving. Unfortunately, neither has so far 
proven feasible fog s e v e r a 1 r e a 5 0 n s ( !ii 2 ii t -i 0 II t? tf be ? 0 ‘.s: j . G  t t II i S t i r;'e w t! 
cannot deter-mine if tl;? problenls will b2 resoiveti, UIrt-:i SUC!! time, :'i\Z 
will remain completely dependent on SLIME)! for all our coi;ipulatio;~ai nezds. 

One alternative resource is the F!III/EPA Chemical Informat ion System. 
For more than three years we have bee II NO r-k i II g w  i t h t ii em to o b t a i 11 

sufficient contracl: money to provide a version of COi lGEM integrated into 
that system. The concept and the funds were approved but a contract has 
never been issued due to administrative problems at the EPA. A 1 t h o ug h 
there have been some developments recently, we stili have no firm idea on 
when such a contract will be issued. If this effort is succassful, then we 
can encourage persons who desire access to our programs to consider using 
the tlIli/EPA system. 

A second alternative is the Uational Resource for Computation in 
Chemistry (NRCC). Until recently, the computa-t-ional facilities at the i lRCC 
have not been silitable for riunning interactive programs. Recently, 
h owe v e r , the HRCC has obtained a VAX system and we ~ili investigate whether 
or not the community as a whole will have access to that system. The i jRCC 
is currently under ret view for continuefl funding , Obviously t h at r e v i e !:I 
will have to be Favorable for the NRCC to represent an alternative for 
access to our prcgrams. 

III D. -'-- Recommendations for Future Resource and __-- 
Commun i t,y Development 

We have discussed previously our recommendation for the hardware 
augmentation, particularly >/ith regards to purchase of small machines .to 
facilitate future export. We also have increasing need for more file 
storage on-line. This is a result of building large data bases as part of 
o~ir research in spectral interpretation. 
with experimental programs 

For the time being !iie are working 
and small data bases. As time progresses, 

however, these data bases will grow rapidly as our group and a number of 
our‘ collaborators add edcl-itional structures and associated spectral data. 

Another capability which is of increasing importance to our o:vn work 
is access to lo:l,-cost graphics systems. Our proo I’Zil)S wil 1 davelcp 
increasing dependence on graphics for visualiratTon of three-dimensional 
molecular structures. Scientists desiring access to our programs v/ill need 
a graphics terrrinal -for optimum use of our systems. Currently aveilab!e 
vector displays are simply too expensive for the average investigator. The 
emerging technology of low-cost raster display systems offers a more 
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promising possibility. However, no currently available machine has the 
required capabilities for under $10,000, and this is an area where machines 
like the Alto hold more promise. SUMEX could perhaps initiate an effort to 
obtain a system which has the hardware necessary for frame-based display. 
Such a system allows rotation of three--dimensional objects in a way which 
permits visualization OF the actual shape of the object. 
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9.1.4 MOLGEN Project 

MOLGEN - A Computer Science Application to Molecular Biology 

Profs. E. Feigenbaum, L. Kedes, and D. Brutlag, Dr. P. Friedland 
Department of Computer Science 

Stanford University 

I. SUMMARY E RESEARCH PROGRAM 

A. Project Rationale 

The MOLGEN project has focused on research into the applications of 
symbolic computation and inference to the field of molecular biology. This 
has taken the specific form of systems which provide assistance to the 
experimental scientist in various tasks, the most important of which have 
been the design of complex experiment plans and the analysis of nucleic 
acid sequences. We plan to expand and improve these systems and build new 
ones to meet the rapidly growing needs of the domain of recombinant DNA 
technology. We do this with the view of including the widest possible 
national user community through the facilities available on the SUMEX-AIM 
computer resource. 

It is only within the last few years that the domain of molecular 
biology has needed automated methods for experimental assistance. The 
advent of rapid DNA cloning and sequencing methods has had an explosive 
effect on the amount of data that can be most readily represented and 
analyzed by computer. Moreover we have already reached a point where 
progress in the analysis of the information in DNA sequences is being 
limited by the combinatorics of the various types of analytical comparison 
methods available, The application of judicious rules for the detection of 
profitable directions of analysis and for pruning those which obviously 
lack merit will have an autocatalytic effect on this field in the immediate 
future. 

The MOLGEN project has continuing computer science goals of exploring 
issues of knowledge representation, problem-solving, and planning within a 
real and complex domain. The project operates in a framework of 
collaboration between the Heuristic Programming Project (HPP) in the 
Computer Science Department and various domain experts in the departments 
of Biochemistry, Medicine, and Genetics. It draws from the experience of 
several other projects in the HPP which deal with applications of 
artificial intelligence to medicine, organic chemistry, and engineering. 

During the next three years of MOLGEN research we intend to begin a 
transition from being primarily a computer science research project to 
being an interdisciplinary project with a strong applications focus. The 
tools that we have already developed will be improved to the point where 
they make a significant contribution to both research and engineering in 
the domain of molecular biology. 
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B. Medical relevance and collaboration 

The field of molecular biology is nearing the point where the results 
of current research will have immediate and important application to the 
pharmaceutical and chemical industries. Recombinant DNA technology has 
already demonstrated the possibility of harnessing bacteria to produce 
nearly limitless amounts of such drugs as insulin and somatostatin. 
Several companies (Genentech, Cetus, Biogen) have already formed to exploit 
the commercial potential of the burgeoning technology. 

The programs being developed in the MOLGEN project have already 
proven useful and important to a considerable number of molecular 
biologists. Currently several dozen researchers in various laboratories at 
Stanford (Prof. Paul Berg's, Prof. Stanley Cohen's, Prof. Laurence Kedes', 
Prof. Douglas Brutlag's, Prof. Henry Kaplan's, and Prof. Douglas 
Wallace's) and many others throughout the country (University of Utah, 
Syracuse University, NIH, Johns Hopkins, Yale, Rockefeller University, and 
others) are using MOLGEN programs over the SUMEX-AIM facility. We have 
exported some of our programs to users outside the range of our computer 
network (University of Geneva, for example). 

C. Highlights of Research Progress 

Accomplishments 

The current year has seen the completion of what might be considered 
the first phase of the MOLGEN project. This section will summarize the 
major accomplishments of that first phase. 

Representation Research 

The domain of molecular biology has proven a fruitful testbed in the 
development of a flexible software package, the Unit System, for symbolic 
representation of knowledge. The package is already in use by a variety of 
research projects both within the Heuristic Programming Project at Stanford 
and at other institutions. It provides for acquisition and storage of many 
different types of knowledge, ranging from simple declarative types like 
integers and strings to complex declarative types like nucleic acid 
restriction maps to procedural types like a rule language in a subset of 
English. 

Planning Research 

The problem of designing laboratory experiments in molecular biology 
has been fundamental to MOLGEN research. The work has been split into two 
major subparts, each resulting in a doctoral thesis in computer science. 
The two systems, developed by Peter Friedland and Mark Stefik, produce 
reasonable experiment designs on test problems suggested by laboratory 
scientists. 

Friedland's system is based on the observation that human scientists 
rarely plan experiments from scratch. They start with an abstracted or 
"skeletal" plan which contains the entire design in outline form. The 
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major design task is in instantiating or detailing the steps by finding. 
tools that will work best in the given problem environment. This system 
has roots in classic problem-solving work dating back to Polya, and also in 
the Scripts language understanding work of Schank and Abelson. It is 
heavily dependent upon large amounts of domain specific knowledge, 
especially upon good heuristics for choosing among alternatives for plan- 
step instantiation. 

Stefik's system emphasizes the role that interactions between steps 
in a plan should have when the plan is being designed. It uses an approach 
called "constraint posting" to make the interactions between subproblems 
explicit. Constraints are dynamically formulated and propagated during 
hierarchical planning and are used to coordinate the solution of nearly 
independent subproblems. The system also formalizes the problem of control 
during planning (what to do next) within a structure called "meta- 
planning". See Appendix B for an annotated example of the system at work. 

Knowledge Base Construction 

With the experiment design research as an impetus and the Unit System 
as a tool, a large knowledge base has been constructed by several Stanford 
molecular biologists--Prof. Douglas Brutlag, Prof. Laurence Kedes, Dr. John 
Sninsky, and Rosalind Grymes. This knowledge base is near-expert in 
several areas (enzymatic methods, nucleic acid structures, detection 
methods) and contains pointers and references to almost all areas of modern 
molecular biology. Its design and construction will soon be taken over by 
a full-time molecular biologist. 

Besides its use as a fundamental part of an experiment design system, 
the knowledge base is proving useful for applications in teaching, in 
automated nucleic acid sequence analysis (see below), and as an intelligent 
"encyclopedia" for providing information about technique selection in the . 
laboratory. 

Other Applications of Symbolic Computation to Molecular Biology 

Along with the central research in representation and planning, 
considerable work has been devoted to the construction of tools that are 
immediately useful to molecular biologists. Most of these tools were 
developed at the request of the various domain scientists working on the 
MOLGEN project and are being used by several dozen scientists both at 
Stanford and elsewhere through the facilities of the SUMEX computer system. 

Interactive tools for nucleic acid sequence analysis--a multi-purpose 
program for analysis of primary sequence data has been made interactive 
with full help facilities. The program has also been improved to correctly 
calculate the expected probability of symmetries and homologies, and to 
properly allow for GU and GT bonding. A series of smaller programs for 
similar tasks has also been made interactive on the SUMEX system. 

Sequence analysis through the knowledge base--some of the 
representational tools developed during the process of knowledge base 
construction (see above), have proven useful for computer-assisted sequence 
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analysis. Facilities are available for building and displaying restriction 
maps and region information, and for writing rules which cause this 
information to be automatically updated as new enzymes or structures are 
added to the knowledge base. 

A program for restriction mapping,the GA1 program constructs 
restriction maps using data from total and partial restriction enzyme 
digests. 

A program was written which aids in enzyme selection for gene 
excision. The SAFE program takes amino acid sequence data and predicts 
those restriction enzymes which are guaranteed not to cut within the gene. 

A ligase simulation program was written. It is based on a kinetic 
theory of ligation which helps scientists select time of reaction and 
concentrations of reaction components to produce single inserts into 
vectors. 

Research in Progress 

The remainder of the current grant period will be spent on the 
further development of the tools that have been constructed for experiment 
design and sequence analysis and on expansion and improvement of the 
knowledge base. This section details those research plans. 

Experiment Design 

Both Friedland's and Stefik's experiment design system have already 
achieved modest success in producing reasonable plans for a variety of 
synthetic and analytic problems in molecular biology. Friedland's system 
can provide technically competent designs for about twenty different types 
of analytical problems. Stefik's system provides more innovative planning 
for a single type of synthetic experiment. 

We intend to begin to integrate the two systems: Stefik's system will 
serve as a "front-end" that supplies the skeletal plans that drive 
Friedland's system. The combination of the two methods should provide a 
synergistic effect that facilitates both efficiency and innovation. 

A second area of improvement in experiment design lies in providing 
the design systems with a deeper "theory of the domain." We would like 
design decisions to be made on the basis of mechanism whenever possible: 
e.g. to denature a molecule pick the best hydrogen bond-breaker, rather 
than the best pre-stored denaturation method. The current first step in 
making this improvement is in giving the representation formalism the power 
to work with sequence and topology of molecules, as described below. 

An added benefit of the work on sequence and topology is in giving 
the planning system the ability to carry out certain steps of experiment 
designs. Many problems involve one or more steps that can be solved by use 
of the sequence analysis tools described in the previous section. The 
design system can make use of these tools directly and sometimes.find 
faster and better solutions than can be achieved in the laboratory. 
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For example, the sub-problem of finding the right restriction enzymes 
.to excise a gene for cloning can be solved by laborious experimental effort 
or by a few seconds of automated comparison of the gene with the cutting 
sites of all of the available restriction enzymes. 

Knowledge Base Construction 

The current knowledge base contains information about some three 
hundred laboratory methods and thirty strategies (skeletal plans) for using 
those methods. It also contains the best currently available data on about 
forty common phages, plasmids, genes, and other known nucleic acid 
structures. 

We have recently concentrated on providing rules that allow the 
knowledge base to be automatically updated as new techniques or structures 
are added (for example, automatically revising restriction maps when a new 
restriction endonuclease is described). We are also working on mechanisms 
for facilitating the description 0.f restriction sites and functional 
regions within molecules. After we are satisfied that our representation 
method is adequate, rules that model the changing structure of nucleic acid 
structures during the course of an experiment will be added to the 
knowledge base. 

The knowledge base work to date has all been accomplished with the 
limited time of several expert molecular biologists, particularly 
Professors Douglas Brutlag and Laurence Kedes. We have just completed a 
search for an expert to carry on the knowledge base improvement full t ime 
and have h-ired Dr. Rene' Bach for this role. He will begin work on the 
MOLGEN project sometime early this summer. 

Sequence Analysis 

The sequence analysis methods described in the previous section have 
proven useful to a varied group of users throughout the country over the 
SUMEX-AIM facility. We will continue to improve these powerful tools and 
plan to make them available to the scientific community at large on the 
SUMEX-AIM national resource. If this test is successful, it will 
demonstrate the need for a full-scale national facility for sequence 
storage and analysis, and also the ability of MOLGEN to fill that need. 
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